Objectives: To determine if children with laryngeal penetration on videofluoroscopic swallow study (VFSS) who received feeding interventions (thickened liquids, change in liquid flow rate, and/or method of liquid delivery) had improved symptoms and decreased hospitalizations compared with those without intervention. Methods: We performed a retrospective cohort study of children under 2 years with laryngeal penetration on VFSS at our institution in 2015 to determine initial and follow-up VFSS findings, symptom improvement at follow-up, and hospitalization risk before and after VFSS. Proportions were compared with Fisher exact test and hospitalizations with paired t tests. Results: We evaluated 137 subjects with age 8.93 AE 0.59 months who had laryngeal penetration without aspiration on VFSS. Fifty-five percent had change in management, with 40% receiving thickening and 15% a change in flow rate. There was significant improvement in symptoms for children that had feeding intervention and this improvement was the greatest with thickening (OR 41.8, 95% CI 12.34-141.69, P < 0.001). On repeat VFSS, 26% had evidence of aspiration that was not captured on initial VFSS. Subjects had decreased total and pulmonary hospitalizations with feeding intervention and decreased pulmonary nights with thickening (P < 0.05). Conclusions: Laryngeal penetration appears to be clinically significant in children with oropharyngeal dysphagia and interventions to decrease its occurrence are associated with improved outcomes including decreased symptoms of concern and hospitalization nights. Thickening or other feeding intervention should be considered for all symptomatic children with laryngeal penetration on swallow study.
T
here is debate about the clinical significance of laryngeal penetration on videofluoroscopic swallow study (VFSS) and as a result there is great variability in the clinical approach to these patients (1, 2) . With the increasing survival of premature infants and other children with chronic medical conditions, feeding and swallowing disorders are increasing in prevalence (3) (4) (5) (6) . Patients with these conditions are frequently managed by both specialist and generalist medical providers and have instrumental or clinical swallow evaluations performed in a variety of settings; therefore, an understanding of swallow study abnormalities is essential for their appropriate management (3, 7, 8) . However, there is limited evidence to guide treatment for children with oropharyngeal dysphagia and isolated laryngeal penetration; many providers feel that penetration is a normal finding that does not merit intervention whereas other providers consider these patients at risk for future aspiration and manage their swallowing issues as they would in a patient who frankly aspirated during VFSS.
The gold standard test for evaluation of swallow function in children is the VFSS, a radiologic examination in which the patient is fed different consistencies of barium via various methods of delivery to formally test for oropharyngeal dysphagia (8, 9) . Laryngeal penetration occurs when material enters the laryngeal inlet but does not extend below the level of the vocal cords and can vary in terms of frequency and depth. Penetration can occur for a variety of reasons including anatomic abnormalities, laryngopharyngeal sensory deficits, and developmental/neurologic conditions, but is
What Is Known
There is debate about the clinical significance of laryngeal penetration on videofluoroscopic swallow study and there is great variability in the clinical approach to these patients. No prior studies have examined the benefits of feeding interventions in these patients.
What Is New
Laryngeal penetration is not transient in children under 2 years of age and may be indicative of aspiration risk. Symptomatic patients with laryngeal penetration who receive feeding interventions, and especially those who receive thickening, have improved symptoms and decreased hospitalizations compared with those with no change in management.
thought to primarily occur because of disrupted swallow function in which some amount of material from the oral cavity travels inappropriately to the laryngeal inlet instead of esophagus (10) (11) (12) (13) .
Many clinicians focus their attention on aspiration and are often reassured when only laryngeal penetration is seen on VFSS. Similarly, most of the scientific literature has also narrowly focused on aspiration, leading to a relative lack of understanding of the clinical significance of penetration. In studies that have considered penetration to be an abnormal finding, children with penetration are typically analyzed in combination with aspiration, making it difficult to discern the actual contribution of patients with isolated laryngeal penetration (11) (12) (13) (14) (15) (16) .
Several small studies in adults and children have suggested that penetration is associated with negative clinical outcomes, including increased risk of pneumonia and occurrence of aspiration (2, (17) (18) (19) . Other studies, however, have suggested that penetration is a normal variant, but much of this work is in the older adult population and it is difficult to know how to apply these findings to pediatrics (20) (21) (22) .
Although there continues to be active debate about the clinical significance of penetration seen on VFSS, few groups have studied whether interventions specifically targeted at decreasing penetration can improve clinical outcomes and no prior studies have examined the benefits of feeding interventions in these children. The primary aim of this study was to determine if children with laryngeal penetration who received feeding interventions (thickened liquids, change in liquid flow rate, and/or method of liquid delivery) after their swallow study had improved symptoms and decreased hospitalizations compared with those without intervention. Secondary aims were to determine if presenting characteristic could predict finding laryngeal penetration on VFSS and if penetration was persistent over time. We hypothesized that children receiving feeding interventions would have improved symptoms and fewer hospitalizations compared with those who did not receive interventions.
METHODS
We reviewed the records of all children under 2 years who had isolated laryngeal penetration and no aspiration on VFSS performed at Boston Children's Hospital in 2015. Subjects were identified by Informatics for Integrating Biology and the Bedside software (23) . The primary aims were to determine if there was symptom improvement and change in hospitalization in patients who were and were not treated with feeding interventions (i.e. change in liquid flow rate or thickening of formula) for their laryngeal penetration. Additional aims were to determine if any presenting characteristics could predict finding penetration on VFSS and if penetration was persistent over time. Records were reviewed to determine subject characteristics, presenting symptoms, initial and follow-up VFSS findings, whether there was symptom improvement at follow-up, and hospitalization risk before and after VFSS. All VFSS were performed by speechlanguage pathologists (SLP) with pediatric radiologists in standard fashion (8, 9, 24) . Proportions were compared with Fisher exact test and hospitalizations were compared with paired t tests. Data were analyzed using SPSS Statistics (version 23). The present study was approved by the Institutional Review Board at Boston Children's Hospital (IRB-P00023746, approved 10/19/16). For detailed methods, see Supplemental Methods section (Supplemental Digital Content 1, http://links.lww.com/MPG/B497).
RESULTS
We evaluated 137 subjects with mean age 8.93 AE 0.59 months who had isolated laryngeal penetration without evidence of aspiration on their first VFSS. Baseline characteristics, subspecialty of provider that ordered the VFSS, subject comorbidities, and symptoms present at time of referral are in Table 1 . These are shown for the cohort overall and also compared between those with and those without a feeding intervention after they were found to have penetration. Subjects that received intervention were 2.5 months younger than those that did not receive an intervention (P ¼ 0.029). Subjects with oxygen requirement were less likely to receive intervention (P ¼ 0.04). Of note, none of the other baseline characteristics, including ordering providers, comorbidities, or presenting symptoms differed significantly between the groups.
There was significant variability in the management of these patients, as shown in Figure 1 . Overall, 60% (n ¼ 82) were maintained on thin liquids, 9% (n ¼ 12) were treated with half-nectar, 29% (n ¼ 39) were treated with nectar, and 3% (n ¼ 4) were treated with honey consistency. Approaches varied depending on which specialty cared for the patient and ordered the VFSS, with thickening rates of 37% for general pediatrics, 38% for gastroenterology, 48% for pulmonology, 43% for otolaryngology, and 0% for neurology.
The depth and consistency of laryngeal penetration was varied in the cohort. Sixty-two percent (n ¼ 80) of subjects had deep penetration and 32% (41) had shallow penetration. Thirty-one percent (n ¼ 40) had consistent penetration, 54% (n ¼ 70) had inconsistent penetration, and 15% (n ¼ 20) had only one episode of penetration, as shown in Supplemental Figure 1 (Supplemental Digital Content 2, http://links.lww.com/MPG/B498). Subjects with deep/consistent penetration were more likely to receive intervention compared with shallow/inconsistent or only 1 episode (P < 0.0001). Thirty-six percent (n ¼ 47) described the penetration that was observed as ''clinically insignificant'' whereas the other characteristics of these subjects' penetration were quite varied, with 60% shallow, 40% deep, 57% inconsistent, 13% consistent, and 30% just 1 episode.
Change in management largely depended on depth/frequency of penetration observed, with subjects having deep/consistent penetration most likely to receive thickening compared with those with shallow/inconsistent penetration, but even subjects with inconsistent penetration had symptom improvement after receiving thickening (n ¼ 41 vs n ¼ 3, P < 0.0001 for deep and n ¼ 13 vs n ¼ 6, P ¼ 0.008 for inconsistent), as shown in Supplemental Figure 2 (Supplemental Digital Content 2, http://links.lww.com/ MPG/B498).
Of the 137 subjects, 84% (n ¼ 115) were seen in clinic for follow-up during the study period at a mean of 78.3 AE 12.5 days following first VFSS. Of these, 88% (n ¼ 101) were reportedly following their recommended intervention (thickening, change in flow rate, some combination of these 2 approaches, or no intervention). There was significant improvement in presenting symptoms for children that had feeding intervention and improvement was the greatest for those that received thickening, as shown in Table 2 . In a comparison of symptom improvement between subjects that received thickening versus change in liquid flow rate alone, those that received thickening had significantly higher rates of improvement (odds ratio [OR] 17.55, 95% confidence interval (CI) 3.91-78.76, P < 0.001).
Subjects receiving any feeding intervention (change in flow rate or thickening) had decreased total and pulmonary hospitalizations and patients receiving thickening had decreased pulmonary hospitalization nights as shown in Table 3 . In patients who did not receive an intervention at the time of VFSS, there was no significant decrease in hospitalizations after VFSS compared with the time period before VFSS, suggesting that symptom improvement does not improve naturally over time. Notably, 30% (n ¼ 6) of the subjects that were reported to have a single episode of laryngeal penetration on their VFSS and 26% (n ¼ 12) of the subjects that were described as having penetration that was thought to be Data are expressed as % (n) and mean AE standard error. VFSS ¼ videofluoroscopic swallow study. P value is based on the comparison between patients who did and did not have feeding intervention.
FIGURE 1. Study population. The flow diagram shows the percentage and numbers of subjects in each group, how many subjects had each type of feeding intervention for their laryngeal penetration, and how many subjects, of those that were seen in follow-up and following their prescribed feeding intervention, that had symptom improvement in the follow-up period.
''clinically insignificant'' had at least 1 hospital admission during the follow-up period.
In the cohort overall, there was a mean of 1.44 AE 0.07 swallow studies performed per subject during the study period. Of the 137 subjects, 31% (n ¼ 42) went on to have a second VFSS and on that study, 31% (n ¼ 13) had normal swallow function, 41% (n ¼ 17) had persistent penetration, and notably 26% (n ¼ 11) now had evidence of aspiration that was not captured on their initial VFSS. Of these, 91% (n ¼ 10) did not have neurologic impairments or other comorbidities that might have been expected to cause a decline in swallow function.
We additionally evaluated each presenting symptom for evidence of association with laryngeal penetration. Coughing was the only symptom that was significantly associated with Hospitalization numbers were found to be decreased after feeding interventions and formula thickening but not for subjects who did not receive intervention for their laryngeal penetration. Data are expressed as mean AE standard error. GI ¼ gastrointestinal; VFSS ¼ videofluoroscopic swallow study. laryngeal penetration (OR 1.792, 95% CI 1.166-2.753, P ¼ 0.008) . Odds ratios for all other symptoms ranged from 0.497 to 2.008 (P > 0.10).
DISCUSSION
Laryngeal penetration is a common finding in the field of pediatric swallow disorders with a relevance that remains fiercely debated, perhaps because of the paucity of studies addressing its true clinical significance (1, 2, 20, 25) . In the present study, we showed that interventions for penetration are associated with improvements in presenting symptoms and hospitalization risk in young children, both of which are clinically significant markers that suggest a potentially large effect of such a small intervention. Although all feeding interventions were associated with improved outcomes, thickening of formula seemed to have the single greatest impact on symptom improvement. This therapeutic approach can make these children feel better, relieve parental concern, and actually improve clinical outcomes with an inexpensive intervention that would likely decrease costs by preventing expensive hospitalizations. In contrast, we found that outcomes are not changed for patients who do not get interventions for their penetration. Thus, without intervention, there is no improvement in hospitalizations and limited symptom improvement at follow-up.
One finding in this study was the diverse range of providers ordering these studies, which may result in great variability in management approaches to penetration. Swallowing abnormalities such laryngeal penetration are increasing in frequency in the pediatric population as more premature infants and other children with chronic medical conditions survive (4, 13, 14) . Therefore, this issue will likely become only more important in the future and, as our results suggest, more medical providers will be involved in the management of these patients.
There is a wide range of approaches to laryngeal penetration and some SLPs and/or radiologists will comment in their reports that nonclinically significant penetration is present, which may result in providers not offering intervention to these patients, even when such patients are persistently symptomatic in our clinical experience, and we show in this study that this assumption of normalcy may affect clinical outcomes. In many institutions, interventions are not commonly pursued after finding penetration on swallow study for several possible reasons (20) (21) (22) . Some providers consider penetration a normal variant, and therefore, do not believe it needs treatment. Others feel that it is not indicative of aspiration risk. Still others might worry that the risk of thickening agents or other feeding interventions might outweigh any benefit of intervention. On the basis of the results of the present study, we feel that any finding of laryngeal penetration in a symptomatic child should be considered clinically significant and a change in management should be considered.
There are several important practical considerations from our study. First, the present approach to laryngeal penetration is variable. In our cohort, only 55% of subjects had change in their management, with most receiving thickening but others receiving a change in liquid flow rate. Feeding interventions are typically made at the discretion and recommendation of the SLP that performs the study or by the ordering physician. One limitation to our study may be that only the most symptomatic patients received thickening, and thickening was not needed in the nonintervention patients. Our data suggests this is not the case with the patients who did not receive interventions showing no improvement in symptoms over time; 91% of subjects had symptom improvement with thickening, compared with only 19% improvement at follow-up in the group that received no intervention. Also notably, even some of the patients who were thought to have only transient penetration on their swallow study and who, therefore, did not receive treatment ultimately went on to have both pulmonary/gastrointestinal hospitalizations, emphasizing the importance of treating any degree of laryngeal penetration.
Another important finding from the present study is that laryngeal penetration is not transient and may actually be indicative of aspiration risk. To our knowledge, no prior studies have evaluated whether the penetration can predict future aspiration; on repeat VFSS, 26% of subjects with prior laryngeal penetration were found to have frank aspiration that was not captured on initial VFSS and, importantly, the great majority of these patients were not neurologically impaired and did not have any other comorbidity, such as cardiac disease, that would have been expected to cause a decline in swallow function. This is consistent with the results of Friedman and Frazier (2), who showed that deep laryngeal penetration might also predict the occurrence of aspiration in children within individual swallow studies. These results combined highlight the transient nature of VFSS that captures only a very limited moment in time.
An additional practical consideration is our analysis of which presenting symptoms are suggestive of laryngeal penetration. Although multiple studies have shown that oropharyngeal dysphagia with aspiration is typically silent in this age group, including recent large studies from our own institution, it is less clear if children with penetration have clear symptoms that can be tied to their type of oropharyngeal dysphagia (16, (26) (27) (28) . Silva-Munhoz Lde (29) found an association between choking and finding isolated laryngeal penetration in a group of 15 children. Weir (26) also examined symptoms predictive of isolated laryngeal penetration and found no consistent correlation. In the present study with a larger cohort, we found an association between cough and the presence of laryngeal penetration.
Lastly, and perhaps of the greatest clinical significance, we showed that children who receive interventions for their laryngeal penetration have decreased hospitalizations. In particular, thickening and other feeding interventions were seen to affect pulmonary hospitalizations, suggesting additionally that laryngeal penetration puts children at increased risk for respiratory exacerbations. These results complement and add to prior studies in this field. Few studies have evaluated the impact of feeding interventions on improvement in symptoms and outcomes in any type of oropharyngeal dysphagia (25) . Jackson showed symptom improvements from feeding interventions in a population of Down syndrome patients with aspiration (30). Coon et al (31) questioned the benefits of thickening for oropharyngeal dysphagia patients but found decreased acute respiratory hospitalizations for children with silent aspiration that received thickening. Khoshoo et al (32, 33) showed that thickening decreased the occurrence of aspiration in a small group of infants with swallowing dysfunction associated with bronchiolitis. Krummrich et al (34) used a parental reporting tool and found that parents of young children with dysphagia reported a significant decrease in symptoms and increase in oral intake when their children were started on thickened liquids. None of these studies, however, evaluated outcomes in isolated laryngeal penetration.
There are a small number of other studies showing that there is clinical significance to penetration, though ours is the first to show that treatment is associated with improved outcomes. Gurberg et al (17) reported on 235 children with oropharyngeal dysphagia with a mean age of 5.6 years, of whom only 59 had laryngeal penetration, that children with laryngeal penetration have increased rates of pneumonia over the 3 years after the diagnosis of laryngeal penetration. Serel Arslan et al (18) also showed a positive correlation between penetration and recurrent pneumonia in a population of 274 children with a median age of 2.75 years with oropharyngeal dysphagia, of whom 89 had isolated laryngeal penetration. This result is similar to adult studies showing a 4 times increased risk of pneumonia in patients with penetration (35) . We also previously showed that oropharyngeal dysphagia is associated with the occurrence of brief resolved unexplained events (BRUE, formerly known as apparent life-threatening events) and in that study, 43% of subjects admitted after BRUE had isolated laryngeal penetration on VFSS, suggesting this is a clinically relevant entity (36) .
There are a number of limitations to the present study, including the retrospective nature of this study. At our institution, the SLP performing the VFSS in conjunction with the ordering physician makes decisions about what interventions to pursue during the course of the VFSS. The retrospective nature of this study limited our ability to consider any unmeasured factors that might have determined which patients received feeding interventions, thickening or no intervention for their penetration (ie, parent or provider preference in addition to results of prior clinical feeding evaluations, other medical/feeding history, or the medical team's understanding of the underlying pathophysiology of swallowing dysfunction) but importantly, apart from age and oxygen requirement, none of the other baseline characteristics, including ordering providers, comorbidities, or presenting symptoms differed significantly between the groups. It is also possible that thickening itself might have had other beneficial effects such as decreasing gastroesophageal reflux. In measuring symptom improvement, we relied on caregiver report, which is likely subjective but we believe still clinically relevant; for this reason, we also used hospitalization as an objective measure of comparison. Additionally, although we have the SLP and radiologists' categorization of severity of penetration, validated scoring such as the Penetration-Aspiration Score, was not used at the time of VFSS; however, lack of standardization in pediatric fluoroscopy is a national problem and our institution is not alone (37, 38) . Future studies will be needed to delineate outcomes for intervening based on specific degrees of penetration, nutritional symptoms such as failure to thrive, and use of standardized protocols in the approach to isolated laryngeal penetration.
CONCLUSIONS
Laryngeal penetration appears to be clinically significant in symptomatic children and feeding interventions are associated with improved outcomes. Thickening or other feeding intervention should be considered for all symptomatic children with laryngeal penetration on VFSS. Close collaboration and follow-up with SLPs, ordering providers and patients is needed to insure that different feeding interventions are considered and to monitor efficacy and any side effects from interventions.
